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[1] The Mars Color Imager (MARCI) instrument aboard the NASA Mars Reconnaissance
Orbiter spacecraft is a wide-angle, multispectral Charge-Coupled Device (CCD) “push
frame” imaging camera designed to provide frequent, synoptic-scale color imaging of
the Martian atmosphere and surface. MARCI uses a 1024 x 1024 pixel interline transfer
CCD detector that has seven narrowband interference filters bonded directly to the CCD.
Five of the filters are in the visible to short-wave near-infrared wavelength range (437,
546, 604, 653, and 718 nm) and two are in the ultraviolet range (258 and 320 nm). Here we
describe the scientific objectives of the MARCI investigation and the basic characteristics,
calibration, and in-flight performance of the MARCI instrument. We include several
examples of early scientific results and investigations enabled by an extensive preflight
and in-flight calibration program and by validation of the performance of the instrument
in flight.
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1. Introduction

[2] The Mars Color Imager (MARCI) is a wide-angle,
seven-color (ultraviolet, visible, and shortwave near infra-
red) Charge-Coupled Device (CCD) framing camera, and is
one of the primary science payload instruments on the NASA
Mars Reconnaissance Orbiter (MRO) mission [Zurek and
Smrekar, 2007]. The MARCI instrument (Figure 1) is
designed for daily synoptic, low-resolution (1 to 10 km)
imaging of Mars to study the evolution of weather systems
and to observe changes in surface features that result from
interactions with atmospheric processes. The major science
goals of the MARCI investigation are as follows: (1) observe
Martian atmospheric processes synoptically at global scale
on a daily basis; (2) study details of the interaction of the
atmosphere with the surface at a variety of scales in both
space and time; (3) examine surface features characteristic of
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the evolution of the Martian climate; (4) obtain repeated,
global coverage at scales between 1 and 10 km/pixel; (5) use
multispectral imaging to distinguish between cloud compo-
sitions (water, CO, ice and dust); and (6) make UV observa-
tions at both limb and nadir to observe ozone as a measure of
atmospheric photochemistry and as a surrogate for water
vapor concentration. The camera operates in five visible and
two ultraviolet (UV) bands, and has a 180° field of view that
permits observations of the planetary limbs. The UV imaging
capability is unique in Mars orbital mission studies, and
comparison of images in the two UV filters enables the
determination of seasonal changes in the concentration of
ozone [e.g., Clancy et al., 1996, 1999; Malin et al., 2001,
2008]. The MRO MARCI instrument is based on the MARCI
wide-angle (WA) camera that flew to Mars on the failed Mars
Climate Orbiter (MCO) mission [Malin et al., 2001], but it
has been modified for the specific orbital and other con-
straints of the MRO mission, as well as modifications
resulting from lessons learned during the original MCO
MARCI WA instrument development and testing process.
[3] This paper describes the MARCI instrument, the pro-
cedures, data sets, and results from the preflight and in-flight
calibration of the instrument and the validation of the
radiometric, geometric, thermal, optical, and mechanical
performance of the instrument against functional require-
ments defined by the MRO Project and the MARCI Science
Team. Some examples of initial scientific results from the
investigation are also included. A calibration campaign
(described here) was established for MARCI in order to
prioritize the test sequence, to allow verification of perfor-
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Figure 1. MRO MARCI camera and electronics assembly.
The long lens and “‘taco shell” light baffle houses the UV
optics; the short lens/baffle houses the visible wavelength
optics. Swiss Army Knife shown for scale. The distance
from the base of the electronics modules (behind the two
wired plugs on the right here) to the tip of the UV optics is
14.5 cm.

mance to take place in a systematic and timely fashion, and to
insure that the preflight (and in flight) calibration resulted in
the delivery of a fully tested instrument that either met or
exceeded its requirements (or for which deviations or excep-
tions to those requirements were fully understood and docu-
mented). The results described in this paper provide the data
needed to calibrate the cameras and to understand the
accuracy, precision, and limitations of calibrated MARCI
data. This information could also be useful for future users of
data from the Lunar Reconnaissance Orbiter Camera’s wide-
angle camera [Robinson et al., 2005; Tschimmel et al., 2009],
an instrument that is based on the MARCI design and which
shares many of MARCI’s operational, calibration, and data
analysis characteristics.

2. MARCI Scientific Objectives

[4] The primary goal of the MARCI investigation is to
extend the long-term meteorological, climate, and surface-
atmosphere interaction observations initiated by the Mars
Global Surveyor (MGS) Mars Orbiter Camera wide-angle
(MOC WA) instrument. The MARCI investigation is
designed to acquire these observations globally at a synoptic
scale similar to that of atmospheric processes as viewed by
terrestrial weather satellites. The broader scientific goals of
the MRO MARCI investigation are similar to those of the
MCO MARCI WA investigation, and are summarized in
section 1. Here we amplify those goals, objectives, and
expectations under the broad categories of atmospheric
studies and surface studies. Additional details related to the
original MCO MARCI WA investigation are given by Malin
et al. [2001, 2008].

2.1. Atmospheric Studies

[s] MARCI atmospheric investigations include studies of
(1) the distribution of dust, condensates, and ozone in the
atmosphere; (2) the structure of condensate clouds and their
relationship to topography and to circulation patterns pre-
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dicted by global circulation models (GCMs); (3) dust-
raising events ranging in magnitude from large dust devils
to localized dust clouds to planet-encircling dust storm
events; and (4) polar phenomena. Among the major scien-
tific questions being addressed are the following:

[6] 1. What is the seasonal and geographical variability in
dust, ozone, and condensates in the Martian atmosphere?

[7] 2. What is the general circulation of Mars? How
reliable are the predictions of GCMs, and how much inter-
annual variability exists?

[8] 3. What role do clouds in general, and the polar hoods
in particular, play in the global water cycle on Mars? Do
they control the net interhemispheric transfer of water?

[9] 4. How do local and regional storms and planet-
encircling dust events evolve? How are they related to the
local-, meso-, and synoptic-scale circulations?

[10] 5. And how are the seasonal and residual caps
involved in the global transport of water and dust on Mars?
What is the direction of the net annual water transport on the
planet?

2.1.1. Clouds

[11] Clouds probe many important properties of the
Martian atmosphere and may be used to test dynamical
atmospheric models (Figure 2). Discrete white clouds on
Mars have been known for many years from the work of
ground based astronomers [e.g., Slipher, 1962]; these are
now known to be largely associated with major topographic
features, such as the Tharsis and Elysium volcanoes. Curran
et al. [1973] used Mariner 9 data to show that the prominent
white clouds in the Tharsis and Olympus regions of Mars
are composed of water ice. MOC WA daily mapping of
Mars has shown that the seasonal behavior of the various
cloud components are unique to each cloud system [Benson
et al., 2003] but are repeatable from 1 Mars year to another
[Benson et al., 2006]. Hubble Space Telescope (HST) Wide
Field/Planetary Camera-2 (WFPC2) observations in 1995
revealed a planet-encircling belt of diffuse clouds displaced
about 10° north of the equator during late spring and early
summer in the northern hemisphere [Clancy et al., 1996;
James et al., 1996]. This water ice cloud belt has subse-
quently been found to be a regular feature on Mars during
this aphelion season [Wolff et al., 1999; Smith, 2004].

[12] Water ice clouds are most prominent during the
northern summer aphelion season and play an important
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Figure 2. Cartoon depicting the main components of the
general circulation on Mars. Figure courtesy of David
Catling.
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role in limiting the vertical propagation (and hence hemi-
spherical transport) of water vapor by the synoptic-scale
circulation system [Clancy et al., 1996, Richardson et al.,
2002; Montmessin et al., 2004]. However, the current picture
is still far from complete. Thick, diurnally cyclic orographic
clouds associated with the elevated topography of the large
volcanoes are superimposed on the planet encircling, diffuse
aphelion cloud band [e.g., Wolff et al., 1999]. These are very
different phenomena, despite the fact that they are both
related to the seasonal maximum in northern hemisphere
water vapor, cold aphelion temperatures, and low-saturation
altitude [Clancy et al., 1996].

[13] During the past decade, various mesoscale atmo-
spheric models have been developed that can investigate
details of the orographic clouds such as particle size dis-
tributions, opacities, and elevations [e.g., Richardson et al.,
2002; Richardson and Wilson, 2002; Toigo et al., 2002].
MARCT’s spectral range, high spatial resolution relative to
the size of clouds, and good calibration enable the potential
to directly measure cloud properties for comparison with
models. For example, the reflectance of the clouds can
depend sensitively upon the scattering properties of the cloud
aerosols, such as the single scattering phase function and the
size distribution. MARCI images acquired over a wide range
of phase angles as well as potentially in several wavelength
bands can be used to constrain these parameters.

[14] Interannual variations in the seasonal behavior of
clouds were small during the first 4 years they were observed
using the MGS MOC [Benson et al., 2006]. The 2001 planet-
encircling dust event, which occurred near the end of the
cloud season, mainly affected the behavior of clouds associ-
ated with Arsia Mons [Cantor, 2007b], which alone tend to
persist into southern spring and summer. However, one
motivation for the MARCI investigation was the fact that
observations of just four seasons were deemed insufficient to
establish long-term invariability, especially since prior to
MRO there had been no Mars years with major perihelic
dust storms observed. An important MARCI investigation
goal is thus continuing important monitoring of the seasonal
cycles of the major clouds and the aphelion cloud belt.

[15] Both dust and condensate clouds are very prominent
in the neighborhood of the north polar cap. These clouds are
associated with frontal systems that sometimes give rise to
major regional dust storms that can move from the northern
to the southern hemisphere [Cantor et al., 2001; Wang et al.,
2005] and that play an important role in closing the dust
cycle on the planet.

[16] More recently, ice clouds have been detected at
mesospheric altitudes (~50—80 km), as optically bright layers
at equatorial latitudes [Clancy et al., 2004; McConnochie et
al., 2006] and as diffuse hazes extending to altitudes above
100 km (F. Montmessin, J. L. Bertaux, and P. Rannou, Stellar
occultations at UV wavelengths by the SPICAM instrument:
Retrieval and analysis of Martian haze profiles, paper pre-
sented at 2nd International Workshop on Mars Atmospheric
Modeling and Observations, Laboratoire de Meteorologie
Dynamique/European Space Agency, Granada, Spain, 27
February to 3 March, 2006). These bright equatorial clouds
have been inferred to include large particles (>1.0 pum) of
CO, [Montmessin et al., 2007]. The diffuse hazes appear to
be composed of very fine CO, particles (<0.1 pm). Both
types of mesospheric clouds appear to form at particularly
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cold atmospheric temperatures. The microphysics of ice
aerosol formation for either type of mesospheric cloud is
poorly constrained by the available observations, as are any
climate or dynamical implications associated with these high-
altitude clouds. MARCI full color limb imaging provides the
potential for extensive wavelength and global coverage of
such Mars mesospheric cloud (and dust) aerosols.

2.1.2. General Circulation

[17] The present Martian climate system is characterized
by the seasonal cycles of dust, water, and CO,, which are
coupled through the general circulation. Figure 2 depicts the
major components of the general circulation as we currently
understand them from models and observations. These
include traveling baroclinic waves and forced stationary
waves in the winter hemisphere, low-latitude Hadley cells
and thermal tides, high-altitude jet streams, cap edge circu-
lations, and CO, condensation flow.

[18] MARCI observations of dust and clouds can help
illuminate the nature of the general circulation and its role in
controlling the dust and water cycles. The key issues for the
dust cycle are the role the general circulation plays in lifting,
transporting, and depositing dust around the planet, and the
feedbacks between dust heating and the general circulation.
MOC WA images have shown the value of routine synoptic
observations in characterizing seasonal and temporal varia-
tions in dust lifting by the large-scale wind field [Haberle et
al., 2003; Wang et al., 2005; Strausberg et al., 2005; Kahre
et al., 2005; Cantor, 2007a]. These studies have shown that
while virtually every component of the general circulation
plays a role in dust lifting, a full understanding of each role
still remains elusive.

[19] For example, MOC observations of the 2001 planet-
encircling dust event suggest that it began with a series of
dust pulses generated along the southwestern edge of the
Hellas basin [Cantor, 2007a, 2007b]. The period of these
pulses (~2-3 sols) closely matches that expected for
traveling baroclinic eddies, yet how these systems triggered
the onset of widespread lifting throughout Hellas as well as
to the north and east of it are uncertain. Furthermore, despite
some tantalizing indications of connections [Haberle et al.,
2005], it is not understood how (or even if) the events in
Hellas then triggered the main lifting center in Claritas,
almost halfway around the planet. Continued observations
by MARCI with its color and limb-viewing capabilities can
directly address questions related to the role of the general
circulation in the dust cycle.

[20] Water ice clouds are now believed to play an impor-
tant role in controlling the net meridional transport of water
between hemispheres. Clancy et al. [1996] suggested that the
altitude in the rising branch of the Hadley circulation at which
they form controls how much vapor is exchanged between
hemispheres, and general circulation models support this
suggestion [e.g., Richardson and Wilson, 2002; Montmessin
et al., 2004]. Furthermore, the radiative effects of Martian
clouds may have a significant impact on the thermal tides, a
major component of the general circulation [Hinson and
Wilson, 2004]. Clouds can also provide wind information
through direct tracking of their movement [Wang and
Ingersoll, 2002; Mischna et al., 1998], and mapping the
distribution and orientation of lee waves [Kahn, 1984].
MARCT’s synoptic coverage and well-calibrated color
channels in the visible enable an improvement in our
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understanding of the frequency, location, altitude, and
opacities of clouds on Mars and their implications for the
general circulation.

[21] MARCI observations of both clouds and dust provide
data with which to test general circulation model predictions
that traveling baroclinic eddies are more vigorous in the
northern hemisphere compared to the southern hemisphere
[Barnes et al., 1993], and that they tend to be concentrated
along certain longitude sectors that have come to be known as
“storm zones” [e.g., Hollingsworth et al., 1996]. The storm
zones seem to be most intense on the poleward flanks of the
Tharsis rise, with other less intense zones in Acidalia, Utopia,
and southwestern Hellas. Continuous monitoring of clouds
and dust in these regions can provide information on the
seasonal variation of activity in these regions, as well as on
some of the basic properties of the eddies (phase speed and
wavelength).

2.1.3. Interannual Repeatable Weather/Climate

[22] Ground-based temperature profiles, HST WFPC2
imaging, and MGS Thermal Emission Spectrometer (TES)
temperature profiles [Smith, 2004] suggest generally colder
atmospheric temperatures and lower dust loading in recent
decades on Mars than during the Viking Mission [Clancy et
al., 1990,2000; James et al., 1994]. This distinction appeared
most significant for the northern spring/summer season
(around aphelion). The more recent observations suggest
that the typical behavior of the Mars aphelion atmosphere
may be more characterized by low dust loading, reduced
atmospheric temperatures, low-altitude water vapor satura-
tion, and a 10°S to 30°N global belt of moderate opacity
clouds [Clancy et al., 1996; Wolff et al., 1999; Smith, 2004].
The implication is that low-altitude saturation impedes trans-
port of water vapor into the southern hemisphere during this
season and thereby has a significant impact on the global
water distribution. However, reevaluation of the Viking infra-
red atmospheric temperature data [Wilson and Richardson,
2000] indicates little interannual variability in global temper-
atures during the aphelion season. This is consistent with the
interannually repeatable atmospheric events (dust devils,
dust storms and condensate clouds) observed by MGS
MOC [Cantor et al., 2002; Benson et al., 2003], during the
same season between 1997 and 2001. Global mapping
observations from MGS beyond 2001 suggest that in the
present Martian climate, seasonal weather patterns (conden-
sate clouds, dust devils, and dust storms) are generally
repeatable from 1 Mars year to the next within a ~14 sol
period [Cantor, 2003, 2007a, 2007b; Cantor et al., 2006;
Cantor and Malin, 2007]. However, some weather phenom-
ena, such as the 2001 and 2007 planet-encircling dust events
and the large annual regional storms that generate planet-
encircling dust hazes, were observed to perturb the above
interannual repeatability for short periods of time (a few
months) before the atmosphere resumed the predictable cycle
again [Cantor, 2007a, 2007b; Cantor and Malin, 2007].
2.1.4. Dust Devils and Dust Storms

[23] In the past, global mapping was important for moni-
toring all but the smallest-scale dust activity on Mars.
However, MARCTI’s kilometer-scale ground-sampling reso-
lution is capable of imaging the largest dust devils, which
have been observed across much of Mars [Cantor et al.,
2006]. Such large dust devils may play an important role in
sustaining the low-level background dust opacity observed
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during the aphelion season [e.g., Neubauer, 1966; Ryan
and Lucich, 1983; Smith and Lemmon, 1999; Murphy and
Nelli, 2002; Newman et al., 2002; Balme et al., 2003; Ferri et
al., 2003; Basu et al., 2004; Fisher et al., 2005; Kahre et al.,
2005; Cantor et al., 2006]. MARCI observations can also
provide insight into the frequency of dust devil activity
during the latter half of the afternoon, bridging the gap
between observations made by MGS MOC at 1400 LT and
the Mars Odyssey THEMIS instrument [Christensen et al.,
2004] at 1700 LT, when activity is on the decline [Murphy
and Nelli, 2002].

[24] Larger dust lifting events (dust storms) have been
reported in all seasons on Mars from ground-based and
spacecraft observations [e.g., Gifford, 1964; Briggs and
Leovy, 1974; Peterfreund and Kieffer, 1979; Peterfreund,
1985; Zurek, 1982; Martin and Zurek, 1993; Zurek and
Martin, 1993; McKim, 1996; Cantor et al., 2001; Cantor,
2003, 2007a, 2007b; B. A. Cantor, Present-day aeolian
sedimentation of Mars from an orbital perspective, paper
presented at 2005 Annual Meeting, Geological Society of
America, Salt Lake City, Utah, 16—19 October, 2005] and
across much of the planet. Global observations based on
MGS MOC images have shown that storms occur almost
daily, with thousands occurring each Mars year [ Cantor et al.,
2001; Cantor, 2003, 2007a, 2007b; Cantor and Malin, 2007].
However, only a few tens of these storms become the larger
“regional” storms [Cantor et al., 2001; Cantor, 2007a,
2007b] and in the rarest of cases (seven confirmed events
in the 20th century) these storms may generate the largest of
Martian dust phenomena, the “planet-encircling” dust event
[Miyamoto, 1957; Slipher, 1962; Martin, 1974a, 1974b,
1976; Briggs et al., 1979; Thorpe, 1979; Ryan and Sharman,
1981; Martin and Zurek, 1993; Zurek and Martin, 1993;
Smith et al., 2002; Cantor et al., 2002; Cantor,2007a,2007b;
Strausberg et al., 2005; Cantor and Malin, 2007]. In each
hemisphere, there appears to be an annual dust storm cycle,
with storms developing in specific locations during certain
seasons. The majority of storms develop near the receding
seasonal polar cap edge or along the corresponding polar
hood boundaries in their respective hemispheres, while other
storms develop in the low-lying regions where atmospheric
conditions are optimized for dust lifting (e.g., the plains to the
east of Olympus and Elysium Mons and Alba Patera, in the
Hellas and Argyre Basins, and in Chryse Planitia). MGS
MOC WA images showed that most polar storms formed in
the late morning hours when boundary layer instabilities
would be greatest. However, major questions remain about
the diurnal and semidiurnal development of nonpolar local
storms (e.g., When do most dust storms form? How long do
they last? Do storms show any semidiurnal variation?). The
MARCI investigation included plans to operate simulta-
neously with the MGS MOC experiment to help address
these questions by providing global coverage at two different
time periods (1400 and 1500 LT). Unfortunately, the MGS
was damaged and contact with it was lost on 2 November
2006. The two cameras, MOC WA and MARCI, operated
together for only a few weeks (between 24 September 2006
and 17 October 2006) providing observations of the planet
twice in the afternoon each day.

2.1.5. Atmospheric Ozone

[25] Ozone (Os) is created in the Martian atmosphere as a

byproduct of the photolysis of the main atmospheric con-

4 of 41



E08S92

stituent, CO,. The oxygen trace products of CO, photolytic
dissociation, O, and O, combine through the 3 body reac-
tion O, + O + M — O3 + M, to form ozone. Trace products of
water vapor photolysis, notably OH and HO,, catalytically
mediate the recombination of CO and O, to reform CO,
[Parkinson and Hunten, 1972; McElroy and Donahue,
1972]. Similarly, these HOj trace radicals effect the catalytic
destruction of Mars ozone, such that water vapor and ozone
abundances exhibit strong anticorrelations in space and time.
Mariner 9 Ultraviolet Spectrometer (UVS) observations,
exploiting the strong Hartley band absorption of ozone over
the 250-270 nm wavelength region, provided the first
detection of Mars ozone and definition of its variability in
season and latitude, and confirmed its association with Mars
atmospheric water vapor column variations [Barth et al.,
1973]. Strong orbitally forced variations in Mars water vapor
saturation altitudes also force corresponding vertical varia-
tions in Mars ozone abundances [Clancy and Nair, 1996],
which have been identified in Mars Express SPICAM ultra-
violet stellar occultation profiles [Lebonnois et al., 2006] and
modeled in Mars GCM simulations incorporating photo-
chemistry [Lefevre et al., 2004]. MARCI has two ultraviolet
channels, one centered within (260 nm) and the other just
longward (320 nm) of the Hartley ozone band absorption, for
the specific purpose of mapping Mars ozone optical depths
with daily global coverage. The primary objective of these
ozone absorption measurements is to characterize the tem-
poral and spatial variations of Mars atmospheric water vapor
at moderately high spatial resolution (8 km).

2.2. Surface Studies

2.2.1. Polar Processes

[26] The annual seasonal cycle of the polar caps includes
retreat of the seasonal CO, frost followed by summer
modification of the remaining residual water ice cap. The
annual seasonal retreat has been observed during 4 Martian
years by the MOC WA cameras in the visible and by MGS/
TES in the infrared. While the seasonal retreat is largely
repeatable, interannual variability has been noted both in the
recession curves and ice cover of the “permanent” ice
deposits [James and Cantor, 2001; Benson and James,
2005; Malin and Edgett, 2001; Snyder Hale et al., 2005;
Calvin and Titus, 2008]. Investigators working with the
OMEGA instrument on Mars Express have noted large-scale
albedo changes in the residual northern ice deposit and
compositional variation in the southern seasonal cap
[Langevin et al., 2005, 2007].

[27] Observed in MOC images at roughly 7.5 km/pixel, the
seasonal regressions of the polar caps appear to repeat closely
from year to year. The average recession curves do not vary
greatly, even in response to the major dust storm in the second
MOC year [Benson et al., 2006]. However, specific regions
in both caps do exhibit year-to-year variability. For example,
the Mountains of Mitchel feature in the south polar region
responded to the increased opacity of the 2001 dust storm by
disappearing roughly 5° of L; earlier than in 1999 [Bonev et
al., 2002]. Certain regions in the north polar perennial cap
also display significant interannual differences, such as
retreat of high-albedo materials overlying intermediate albedo
polar layered deposits, variation in appearance and location
of sustained bright patches, and large-scale albedo decreases
over the northern summer season [e.g., Bass et al., 2000;
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Langevin et al., 2005; Calvin and Titus, 2008]. These changes
have local and global implications for the Martian water
cycle. Detailed study of albedo changes on both perennial and
annual timescales will help to constrain both the total water
budget in exchange between the poles and atmosphere as well
as the dynamics of polar layered deposits related to longer-
term climate cycles recorded in the stratigraphy. MARCI data
will enable the study of large-scale seasonal cap regressions
at a higher resolution than has previously been possible, and
the more detailed investigation of the behavior of those
regions that show variability.

[28] The residual south polar cap is one of the most
dynamic places on the planet, and the mechanics governing
the observed morphological changes are still poorly under-
stood [e.g., Thomas et al., 2005]. The stratigraphy suggests
erosional differences related to deposition of different units,
and that the erosion must also be controlled by insolation,
composition, and aeolian effects. Paige and Ingersoll [1985]
and other observers have reported that the albedo of the
seasonal south polar cap increases in response to increased
insolation. Indeed, the stability of the residual cap appears to
depend on the time dependent albedo in the residual cap
region convolved with the insolation. The wavelength de-
pendence of the polar cap albedo in the visible region is
sensitive to the amounts of dust and water incorporated in the
cap [e.g., Hansen, 1999]. MARCI observations can help to
constrain the dust content of surface layers as well as to
monitor atmospheric dynamics that may contribute to scarp
retreat and modification of depressions in the upper residual
CO; ice surface.

[20] It has been suggested that polar dynamics may be
related to the sporadic occurrence of planet encircling dust
events [James et al., 1987]. The one planet-encircling dust
event seen by MGS started at roughly autumnal equinox,
when the south polar seasonal cap was very large and
insolation was low. This storm had only local effects on the
cap regression during the following spring-summer season.
However, the effects of a storm occurring during the perihe-
lion season, as occurred in the summer 0of 2007, could be very
different. MARCI coverage allows us to contrast these two
events and their impact on seasonal cap regression, and the
appearance and modification of permanent ice deposits.
2.2.2. Regional Albedo Features

[30] The current lack of widespread fluvial or volcanic
activity on Mars makes eolian transport of sediment the
primary agent of surficial change. Earth- and spacecraft-
based observations have revealed numerous variable albedo
features [e.g., Slipher, 1962; James et al., 1996; Malin and
Edgett, 2001] that are attributed to redistribution of bright
dust on the surface [Thomas and Veverka, 1979; Lee et al.,
1982; Thomas et al., 2003]. Long-term atmospheric dust
transport may also be responsible for massive sediment
deposits, particularly in the polar regions where condensation
of volatiles may lead to rapid deposition of suspended dust.
Regional dust storms and occasional planet-encircling dust
events readily provide the sediment source needed to create
or sustain these various features. Investigation of Martian
eolian processes and features requires an understanding of
details of regional sediment transport, as well as the location,
genesis, timing, and frequency of large dust-raising events
[e.g., Kahn et al., 1992].
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[31] Previous studies have demonstrated that variations in
regional albedo patterns are indicative of eolian sediment
transport through aregion [Lee et al., 1982, 1994; Kahn et al.,
1992]. Experimental studies [Wells et al., 1984] show that
small amounts of dust deposited/eroded from the surface can
explain the observed surface albedo changes. Indeed, the
presence of only a few microns of dust can alter the albedo by
several tens of percent [e.g., Fischer and Pieters, 1993;
Johnson and Grundy, 2001]. The colors of Martian albedo
features can also be related to variable amounts of dust cover
[e.g., Soderblom et al., 1978; Singer and McCord, 1979;
McCord et al., 1982a, 1982b]. Visual data are therefore
diagnostic of net erosion or deposition of dust storm fallout
that is taking place currently.

[32] Global mapping of Mars, begun by Viking and con-
tinued using cameras aboard HST and MGS, has revealed
many examples of variability in regional albedo features over
the course of these spacecraft observations [e.g., James and
Lee, 1999; Bell et al., 1999; Malin and Edgett, 2001;
Geissler, 2005; Szwast et al., 2006; Cantor, 2007a]. Between
1999 and 2006 (over 4 Martian years), the MGS MOC
returned daily sequences of images that covered the entire
illuminated surface of Mars. Regional albedo changes were
observed throughout the course of the MGS observations
[e.g., Geissler, 2005], and mapping the continued variability
of surface albedo features is a major goal for MARCI surface
studies.

[33] The accumulated historical evidence (ground-based,
spacecraft, and HST observations) indicates that a great deal
of seasonal and interannual variability exists in eolian activity
on Mars, although repeatable observations have been diffi-
cult prior to the MGS and Mars Odyssey missions. For
example, previous observations have revealed a great deal
of interannual variability in the timing, location, and extent of
dust storms [Slipher, 1962; Zurek, 1982; Martin, 1984;
Peterfreund, 1985], but global observations gathered over
the duration of the MGS mission strongly suggest year-to-
year repeatability of dust storms and weather patterns
[Cantor, 2003, 2007a, 2007b; Cantor and Malin, 2007].
While the basic distribution, season of formation, effective
wind directions, and perhaps meteorological conditions
involved in the formation of variable features have been
documented with previous observations, the actual condi-
tions of dust entrainment and deposition related to these
features have remained elusive. The orbit and payload of
MRO is particularly well suited to provide the detailed
temporal, spatial, and multiwavelength studies needed to
significantly advance understanding of these processes.
2.2.3. Surface Color Properties
and Mineralogic Constraints

[34] The visible wavelength color of the Martian surface is
controlled primarily by the presence of iron-bearing, poten-
tially hydrated minerals in either ferric (Fe’") or ferrous
(Fe”) oxidation states. Previous telescopic, orbital, and
surface remote sensing (near infrared and infrared) as well
as in situ studies have allowed many of these specific
minerals to be identified. For example, nanophase (X-ray
amorphous) and crystalline hematite (a-Fe,O3) have been
identified on Mars at telescopic, orbiter, and lander/rover
spatial scales [e.g., Bell et al., 1990; Christensen et al.,
2000a; Klingelhofer et al., 2004; Morris et al., 2006].
Goethite (a-FeOOH) has been firmly identified from surface
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rover observations [Morris et al., 2006] and tentatively
identified from orbital measurements [e.g., Geissler et al.,
1993; Kirkland and Herr, 2000]. Ferric-bearing sulfates and
hydrates have also been identified from in situ surface
measurements [e.g., Klingelhdfer et al., 2004; Morris et al.,
2006], and these phases as well as phyllosilicates have been
identified from orbital remote sensing data sets [e.g., Poulet
etal., 2005; Gendrin et al., 2005; Langevin et al., 2005]. The
ferrous silicates olivine, pyroxene, and ilmenite (FeTiO;)
and the ferric-ferrous oxide magnetite (Fe*"Fe3 O,) have
also been directly detected in surface observations [e.g.,
Klingelhofer et al., 2004; Morris et al., 2006], with olivine
and pyroxene having been detected and mapped previously
from decades of telescopic and orbital remote sensing
studies [e.g., Adams and McCord, 1969; Singer et al.,
1979; Christensen et al., 2000b; Bandfield, 2002; Hoefen et
al., 2003; Bibring et al., 2005].

[35] Detection and mapping of the distribution and abun-
dances of these primary and secondary mineral phases on
Mars has direct bearing on the study of the planet’s past and
present surface environmental conditions, on the magnitude
and duration of putative “climate changes” on Mars, and on
the overall issue of the planet’s past and present habitability.
Surface compositional studies in this area were an important
part of the original MCO MARCI investigation [Malin et al.,
20017, lostin 1999. A goal of the MRO MARCTI investigation
is to address many of the original MARCT’s surface compo-
sition/mineralogy goals [Malin et al., 2001], but at a broader
spatial scale and with slightly different wavelength coverage.
Specifically, the MRO MARCI five-band visible coverage
allows for color characterization of surface units as well as
basic characterization of the surface as “dusty” or “clean” at
spatial scales of about 1 to 10 km/pixel. Spectral parameters
such as the red/blue color ratio can serve as a proxy for the
strength of near-UV Fe’" electronic transitions and 0>~ —
Fe*" charge transfers in surface minerals. In addition,
MARCT’s filter set could enable the identification of
hematite- or goethite-rich surface regions on the basis of
the observed presence and intensity of specific Fe*" elec-
tronic transitions near 550 nm and 600—650 nm. Conversely,
detection of a strong ferric absorption signature at MARCI
wavelengths without evidence for specific crystalline ferric
oxide/oxyhydroxide bands like these would be an indicator
that nanophase ferric oxides dominate the iron mineralogy.
Finally, MARCT’s filter set should be able to discriminate
between ferric-dominated (altered) regions and ferrous-
dominated (pristine volcanic) regions on the basis of the
magnitude of the visible to near-IR spectral slope and the
wavelength of peak reflectance in the red to near IR. In
short, MRO MARCI potential mineralogic detection capa-
bilities are similar to those outlined for the precursor MCO
MARCI instrument by Malin et al. [2001].

[36] Similar visible to near-IR spectral parameterizations
and strategies have been used successfully, though at much
smaller spatial scales, for orbital measurements from the Mars
Odyssey Thermal Emission Imaging System (THEMIS)
visible (VIS) camera [e.g., McConnochie et al., 2006; Bell et
al., 2008a], the Mars Pathfinder Imager for Mars Pathfinder
(IMP) multispectral instrument [e.g., Morris et al., 2000; Bell
et al., 2000], and the Mars Exploration Rover Spirit and
Opportunity Pancam multispectral instruments [e.g., Bell et
al., 2004a, 2004b]. The MGS TES instrument mapped the
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Figure 3. Block diagrams for the (left) MARCI camera head and (right) MARCI Interface Adapter.

surface in the infrared at a scale comparable scale to MRO
MARCI, and these data resulted in a number of important
discoveries during the past decade [Christensen et al., 2008].
At shorter solar reflectance wavelengths, the Mars Express
OMEGA instrument has also mapped much of the planet in
the visible to near infrared at several km per pixel scale
[Bibring and Langevin, 2008], and survey mode data from
the MRO Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) instrument are being obtained at compa-
rable (hundreds of meters) scale [Murchie et al., 2007]. The
combination of MRO MARCI visible wavelength mapping
data, MGS TES thermal infrared, Mars Express OMEGA,
and MRO CRISM near-infrared mapping data will thus
enable a synergistic, multiwavelength view of the planet’s
surface mineral inventory.
2.2.4. Surface Physical Properties Constraints

[37] MARCI acquires calibrated radiance measurements of
the Martian surface over a wide range of photometric viewing
geometries. Each MARCI image spans the entire range of
possible emission angles from limb to limb, and the space-
craft orbital track, from south to north over the dayside of

Table 1. MARCI CCD, Optics, and Filter Specifications

the planet, provides coverage over a similarly wide range of
incidence angles for typical daily imaging sequences. Labo-
ratory work and previous studies of the spectrophotometric
properties of the Martian surface have shown that it is
possible to constrain certain physical properties of the surface
(e.g., particle size, macroscopic roughness, single-scattering
albedo) using such photometric observations [e.g., Thorpe,
1982; de Grenier and Pinet, 1995; Guinness et al., 1997,
Shkuratov et al., 2005; Soderblom et al., 2006]. In addition,
such observations could provide new information on the
nature of the surface photometric (scattering) function [e.g.,
Johnson et al., 2008], which is an important but still poorly
constrained parameter required for detailed atmospheric
correction of Mars remote sensing data sets, as well as
retrieval of aerosol physical and radiative properties from
telescopic, orbital, and surface-based measurements [e.g.,
Wolff et al., 1997; Wolff and Clancy, 2003].

3. Instrument Description

[38] MARCI is a dual optical path, single focal plane
array CCD camera and electronics package (Figure 1) that is

Parameter Value
CCD and Electronics
Gain (e /DN) 26 + 1
Read noise (") 68 £5
Full well (¢7) 46,500 + 3400
Linearity goodness of fit (%) >0.9999
Visible Optics and Filters

Focal ratio f14.3
Focal length 4.0 mm

Field of view (FOV)
Instantaneous field of view (IFOV)
Framelets

Band passes and downlinked detector rows (see also Figure 13 and Table 4)*

Minimum focus distance

180° crosstrack, 26° downtrack
0.13° (2.3 mrad)
16 pixels (2°) downtrack by 1024 pixels (~180°) crosstrack each
~425 nm, rows 709—724; ~550 nm, rows 734—749; ~600 nm,
rows 760—775; ~650 nm, rows 786—801; ~725 nm, rows 811-826
<0.27 m

Ultraviolet Optics and Filters

Focal ratio

Focal length

Field of view (FOV)

Instantaneous field of view (IFOV)
Framelets

Band passes and downlinked detector rows (see also Figure 13 and Table 4)*

Minimum focus distance

f17.5 at 260 nm; f/7.8 at 317 nm
3.8 mm at 260 nm, 4.0 mm at 317 nm
180° crosstrack, 20° downtrack
0.13° (2.3 mrad)
16 pixels (1.4°) downtrack by 1024 pixels (~180°) crosstrack each
~260 nm, rows 266—281; ~320 nm, rows 293-308
<0.02 m

“Rows are defined such that row 0 is the closest row to the horizontal readout register.
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bottom half. The readout of the CCD is from top to bottom in this schematic. (b) Digital camera image of
the MARCI focal plane array subassembly. (c) Schematic side view of MARCI VIS and UV light paths,
using prisms to redirect the beams from the VIS and UV optics to the appropriate parts of the CCD.
(d) MARCI VIS and UV color filter arrays bonded onto the CCD and (e) a schematic of the opaque mask
placed on top of the CFAs to help suppress stray/scattered light.

characterized by small physical size (9.2 cm x 7.2 cm X
14.0 cm), low mass (481 g), and low power consumption
(<5 W, including power supply losses, when imaging). The
two sets of optics have identical wide-angle fields of view
(180°), but one set is optimized for performance in the UV
(260, 320 nm) and the other set is optimized for perfor-
mance in the visible to near IR (420, 550, 600, 650, and
750 nm). Table 1 summarizes many of these instrument char-
acteristics. The optical paths are combined onto a single focal
plane assembly (FPA) with color filters superimposed on the
CCD detector. The instrument also includes a clock board, a
data acquisition subsystem (DAS) and a power supply. To
match the MRO instrument interface, a separate MARCI
Interface Adapter (MIA) box (11.9 cm x 10.4 cm x 3.4 cm,
354 ¢ mass) was designed and provided to the spacecraft.
Block diagrams for the MARCI camera head and MIA are
shown in Figure 3.

[39] MARCI operates as a “push frame”” camera. That is, a
color filter array is bonded directly onto the CCD array
detector so that each exposure acquires images in different
colors over different subsets of the array. Each such single
exposure of the entire array is referred to as a “frame,” and
each subregion of a frame that corresponds to a particular
color filter wavelength is referred to as a “framelet.”” Figure 4
shows schematically the configuration in which each color
filter spans approximately the full column width of the CCD
array, but only a smaller number of rows. Multispectral
coverage of the Martian surface is achieved by using space-
craft ground track motion (approximately parallel to the CCD
columns and perpendicular to the long axis of the color
filters) to ““scan” each filter across the surface as MRO
travels from south to north over the dayside of the planet.
Complete spatial/spectral coverage is obtained along the
ground track by carefully controlling the timing of the frame
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exposures in order to ensure adequate overlap of each color
band spatially. Subsets of detector rows are selected for
downlink in the flight firmware (Table 1). This push frame
approach is somewhat similar to the approach used by the
Mars Odyssey THEMIS VIS CCD camera to obtain color
images of Mars [e.g., Christensen et al., 2004; McConnochie
et al., 2006].

3.1. Optics

[40] MRO operations can execute several off-nadir space-
craft rolls per orbit to observe selected targets with the high-
resolution imaging instruments of the payload. Global maps
produced using the MCO/MARCT’s 140° field of view optics
would have suffered from a significant loss of coverage as a
result of these rolls. To compensate for this, the MRO/
MARCI optics were redesigned to increase the field of view
to 180°. The commensurate loss of resolution at nadir is
partially ameliorated by the lower MRO orbit, such that the
MARCI resolution at nadir remains at <1 km/pixel, as on
MCO. Compared to the original MCO mission, however, the
geometric overlap between swaths is slightly reduced, and
thus image quality in these overlap areas is degraded relative
to expectations from MCO.

[41] MARCI uses two lenses to cover the desired broad
spectral range (UV to near IR) of observations required to
meet the investigation goals. One lens covers the UV range
only (Figure 1, bottom lens); it is a five element all fused
silica lens, designed for optimal performance in the middle of
the UV wavelength range of interest. The effective focal
length (EFL) of the UV lens varies noticeably with wave-
length (Table 1). The visible (VIS) lens uses eight elements
made of various radiation-hardened glass substrates (Figure 1,
top lens) optimized for the visible bands. The optical paths of
the two lenses are coaligned by a prism and parallel plate
optical compensator so that all wavelengths are imaged onto a
single focal plane array. MARCI UV and VIS optics param-
eters are summarized in Table 1.

[42] With the new MRO optical design, a few simple
changes (relative to the MCO design) were made in order to
further enhance performance: the relative Modulation Trans-
fer Function (MTF) of the two channels of the UV lens were
optimized for better image quality; external baffling was
added to reduce stray light from out-of-field sources, espe-
cially from those parts of Mars fore and aft of the area being
imaged; and finally, because of concerns about the proximity
of spacecraft thrusters to the MARCI unit on the spacecraft’s
nadir panel, etched foil decontamination heaters and associ-
ated control temperature sensors were attached to the MARCI
optics. These allow the optics to be heated to remove
deposited volatiles, should this ever prove necessary in flight.

3.2. Filters

[43] MARCTI uses a filter assembly consisting of two fused
silica plates bonded together; one plate has the 5 VIS filters,
the second plate has the 2 UV filters. Patterning of the
physical shape of the filters (on each plate) was accomplished
via a photolithography process during filter coating deposi-
tion cycles. The VIS filters are each about 50 nm tall by about
1 cm wide, and the UV filters are about 2 mm tall by about
1 cm wide (Figure 4). Each filter covers the entire cross-track
width of the detector but only a fraction of the along-track
portion of the detector. Segregation of the UV and VIS light
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paths and suppression of stray/scattered light in the camera
system is aided by an opaque mask placed over the color filter
array, with “apertures” cut out for the VIS and UV beams to
pass through from their respective optics (Figure 4). Another
change from the MCO design was that the UV aperture mask
size was decreased, reducing the chance of crosstalk from
stray light.

[44] To acquire complete multicolor coverage, consecu-
tive images are taken each time the instrument footprint has
advanced by one filter’s size in the downtrack direction (see
also Figure 23, below). Band selection is accomplished by
selectively reading out only part of the resulting frame for
transmission to the spacecraft computer. This approach is
called push frame or “frame scan.” The MARCI visible
wavelength (VIS) filter consists of 5 “stripes” each about
20 pixels in along-track extent. The entire detector is read
out roughly every 2—3 s. The five band passes were selected
near 425, 550, 600, 650, and 725 nm, with band passes of
30-50 nm, to provide good signal-to-noise in scientifically
important parts of the spectrum and for continuity with
previous and ongoing color observations of Mars. Rejection
and passband control were achieved by multilayer dielectric
coatings deposited on both surfaces of the fused silica
substrates and prism faces. The MARCI UV filters consist
of two separate strips, roughly 10 x 2 mm each, that mount
near the edge of the detector. Both UV filters are deposited
on fused silica substrates. The shortest-wavelength UV filter
is centered near 260 nm with a band pass of ~30 nm. The
longer-wavelength UV filter is centered near 320 nm with
a band pass of ~25 nm. All of the MARCI filters were
designed by and procured from Barr Associates in Westford,
Massachusetts. Additional specific details on the character-
istics of the MARCI filters are provided in section 5.5.

3.3. Camera Electronics

3.3.1. Detector

[45] The heart of the focal plane is a Kodak KAI-1001
Charge-Coupled Device (CCD) detector. This detector has
1024 x 1024 9-um pixels (1018 x 1008 photoactive, others
masked for background/bias signal determination), generates
11-bit output data (0—2047 data number (DN)), and uses
interline transfer to implement electronic shuttering. The
KAI-1001’s fill factor of 20% causes its quantum efficiency
to be low, especially at wavelengths beyond 700 nm. These
properties combine to make the detector relatively low in
sensitivity compared to other possible choices, but the
MARCI optics are sufficiently “fast” to allow this compact
CCD to be used effectively. In addition, two detector capa-
bilities can reduce the raw data rate from the camera. First,
on-chip summing by factors of 2, 4, or 8 can be used to add
adjacent lines together in the charge domain under conditions
of low signal or low downlink data volume. Second, the
CCD’s fast-dump feature can be used to read out only
selected portions of the detector.

[46] The MCO instrument used Lumogen@ to enhance its
detector’s UV response. An extensive test program early in
the MRO project, however, revealed that the Kodak KAI-
1001 CCD has a direct UV response that is competitive with,
and in some cases better than, its response with Lumogen®.
Without Lumogen®, the filter/detector integration process
was considerably simplified. Rather than completely under-
filling the filter with optical cement, small spots of cement
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bond the filter array at the corners, leaving an air gap of
controlled thickness over most of the filter’s area.
3.3.2. Clock Generation

[47] The CCD requires seven clock signals: a two-phase
vertical clock (V1/V2), a two-phase horizontal clock (H1/H2),
a substrate clear clock (S), a reset clock (R), and a fast-dump
clock (F). In addition, the analog-to-digital converter (ADC)
requires a convert clock. The clocks are generated at logic
levels by the digital signal processor (DSP), and are switched
at the voltages required by the CCD using discrete P and
N-MOSFET transistor pairs. There are two switch timing
configurations: one for fast clocks, utilizing discrete HC
family logic to synthesize fast one shots, and one for “slow”
clocks, which use 74HC4538 integrated circuits.

3.3.3. Analog Signal Processing

[48] The output signal from the CCD is AC coupled and
then amplified by a single AD8011 opamp. To bring the
amplified signal into the 0—5 V range accepted by the ADC, a
fixed DC offset is applied prior to amplification. The result-
ing AC-coupled signal encompasses half the ADC range:
1.25-3.75 V in the maximum signal condition of all pixels at
full well and 0—-2.5 V in the case where a small number of
pixels are at full well and the rest are near reset.

3.3.4. Digitization

[49] The amplified CCD signal is digitized by an Analog
Devices AD1672 ADC running at its maximum rate of
3 Mpixels/sec. For each pixel, both reset and video levels
are digitized and then subtracted in the digital domain to
perform correlated double sampling (CDS).

3.3.5. Digital Electronics

[s0] The digital electronics are responsible for clock
generation, sampling of the CCD signal, conversion of the
11-bit samples to 8-bit encoded pixels, storage of the pixels,
and finally readout of the pixels to the spacecraft. The DSP
in the DAS permits full speed software emulation of much of
the usual analog processing, including CDS. Using software
emulation, the zero reference (“‘reset’) level for each pixel is
digitized and stored in a register. The sum of the video plus
zero reference (“video”) level is then digitized, and an
arithmetic subtraction is performed to produce the final result.
The CCD output only requires scaling to the ADC range; no
analog sampling, delay or differencing is required.

[51] The Motorola DSP56166 was selected because it can
process 3 Mpixels/sec (30 MIPS), incorporates 4 K x 16-bit
data and 2 K x 16-bit program memory on chip, has two
<15 Mb/sec serial ports that can be used simultaneously for
a throughput of <30 Mb/sec, and its firmware can be booted
over these serial lines. For a nominal frame integration period
of 0.75 s, it executes up to 20 arithmetic instructions per
pixel. These performance characteristics enable this DSP to
generate the CCD clocks, read the reset and video levels from
the ADC, perform the correlated double sampling subtrac-
tion, compand the pixel from 11 to 8 bits, apply lossless
(1.7:1) first-difference Huffman compression, and transmit it
digitally with handshaking over the communication interface
to the MIA.

[52] The DSP clock rate at power up is 10 MHz, supplied
by the off-chip oscillator. This rate allows the fixed-rate
2 MHz serial data from the spacecraft to be loaded. Once
active, the DSP runs at 60 MHz (30 MIPS) using its internal
phase-locked loop. Lower-speed operation can be used to
save power in standby and idle periods.
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3.3.6. Power Supply and Heater

[53] MARCI uses the Modular Devices MDI2690R-T15
power converter, which produces isolated +5 V and £15 V
from a nominal 28 V input. The ripple on the £15 V is
excessive for the front end video circuitry, so it is down-
regulated with series-pass regulators (LP2951 for +12 V and
LM2990 for —12 V) to remove ripple. The clock rail and
DC bias voltages required by the CCD are generated by
source-follower op-amps and zener diodes, as appropriate
to the current required.

[54] The survival heaters are etched foil resistive heaters
fabricated by Tayco Engineering. They are mounted to the
MIA and MARCI camera head. The heaters are sized so that
no thermostatic control is required. No additional heating is
needed to maintain the instrument at the proper operating
temperature.

3.3.7. Instrument Health Assessment

[s5s] No dedicated internal instrument health monitoring is
performed. However, three temperature sensors, two in the
camera head and one in the MIA, are monitored by the
spacecraft computer. Instrument health diagnostics, includ-
ing coarse measures of CCD voltage and temperature, are
extracted periodically by the science and operations teams
from dark current imaging.

3.4. Interface Adapter

[s6] A separate subsystem, the MARCI Interface Adapter
or MIA, was designed and built to translate the MRO
command/data protocol into a form that could be interpreted
by the MARCI hardware. MIA provides level shifting
between the low-voltage differential signaling (LVDS) inter-
face used by MRO and the RS-422 interface used by MARCI.
Using its internal Actel field programmable gate array
(FPGA), MIA also translates between the higher-level data
protocols used by MARCI and the spacecraft. The MIA and
MARCI electronics operate from the same 28V power
supply. The MIA mass is 354 g.

3.5. Software

[57] MARCI software runs on two processors: DAS DSP
and the main MRO Spacecraft Flight Computer (SFC). The
DSP is responsible for generating the CCD clocks,
performing the required pixel processing and transmitting
the data output to the SFC. The SFC is responsible for
instrument operational commands and image postprocessing
and compression.

3.5.1. DSP Software

[s8] The DSP software is written entirely in assembly
language. As indicated previously, it performs all clock
generation and pixel processing for the camera. Mission-
specific versions of the software have been written to tailor
the camera to the capabilities needed.

[s9] The MARCI code uses the internal static random
access memory (SRAM) space in the DSP for image storage.
A double-line buffer scheme allows one line to be read out to
the spacecraft while a second is being captured from the
CCD. This software also performs spectral band selection,
editing, and summing. Summing can be performed either
directly on pixel samples or, in cases where the signal is
considerably less than the full well, by accumulating multiple
lines into the horizontal register before digitization.
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Table 2. MARCI Science Team Instrument Calibration and Testing Requirements
ID Number Requirement
1 It shall be possible to produce radiometrically calibrated images from the MARCI camera observations of Mars,
using preflight and in-flight calibration observations.
2 The radiometric calibration of images acquired through the five MARCI visible wavelength filters
shall be performed with an absolute accuracy of <10%.
3 The radiometric calibration of images acquired through the five MARCI visible wavelength filters
shall be performed with a relative (pixel to pixel) accuracy of <1%.
4 The signal-to-noise ratio (SNR) of images acquired through the five MARCI visible wavelength filters
shall be >200 for exposures of at least 50% full well.
5 The radiometric calibration of images acquired through the two MARCI UV wavelength filters
shall be performed with an absolute accuracy of <10%.
6 The radiometric calibration of images acquired through the two MARCI UV wavelength filters
shall be performed with a relative (among 8 x 8 pixel averages) accuracy of <1%.
7 The signal-to-noise ratio (SNR) of images acquired through the two MARCI UV wavelength filters

shall be >70-100, for 5 s integration periods and 8 x 8 pixel averaging.

3.5.2. SFC Software

[e0] MARCI performs only minimal command and image
processing internally. Using its serial communication line, the
camera receives commands, operates upon them, and trans-
mits the results to an external host processor. For MRO, that
host processor is the SFC. The SFC is based on a RAD750
processor board (a rad hard derivative of the IBM/Motorola
PowerPC architecture) built by BAE Systems.

[61] Higher-level commanding, image processing, and
fault protection are provided by instrument-supplied software
running in the SFC. The SFC flight software is written in the
ANSI C software language for the VxWorks environment
provided for the SFC by Lockheed Martin Space Systems
(LMSS), the spacecraft manufacturer. It relies on LMSS
system services for basic functions such as uplink command-
ing, downlink data transfer, and communication with instru-
ment hardware. The MARCI version of this code provides
internal command sequencing for timed image acquisition
and housekeeping functions, image memory allocation, com-
munication with the camera hardware, and image processing.
The latter includes additional pixel summing and editing, and
both lossless and lossy image data compression. The lossless
mode uses a Huffman first-difference scheme; the lossy mode
uses a discrete cosine transform operating on 16 x 16 pixel
blocks, requantization and zero truncation, and adaptive
Huffman compression of remaining coefficients. This com-
pressor was originally developed for the MGS/MOC flight
software.

4. MARCI Requirements and Operating
Constraints
4.1. Mission and Investigation Requirements

[62] The overall MRO Project science requirements were
documented by Zurek and Smrekar [2007]; these include a
number of science goals specifically identified for the
MARCI investigation (see section 1). The MARCI science
team translated the achievement of these investigation-
specific goals into a set of requirements that would need
to be met during design, calibration, testing, and operation
of the instrument (Table 2). These requirements were then
used to develop a detailed calibration and test plan for
MARCI, which included step-by-step procedures for test
setups, data acquisition strategies, and, in some cases, data
reduction methods.

4.2. Spacecraft and Mission Constraints/Requirements

4.2.1. Power

[63] MARCI uses +5 V and £12 V regulated power,
provided by its own power supply, and draws 7 W when
imaging (<4 W when powered but idle on the night side);
unregulated (spacecraft nominal) 28 V power input may
also be used.
4.2.2. Thermal

[64] The MARCI operating temperature range is —35°C
to +35°C. Survival temperature range is —60°C to +80°C.
Once operational, MARCI does not need replacement heat
unless powered off.
4.2.3. Mechanical

[6s] The MARCI optic axes are parallel to the spacecraft
z axis (Figure 5), but the camera is clocked around the
instrument centerline by 5°, counterclockwise looking into
the instrument aperture, in order to reduce field of view
(FOV) incursion by MRO spacecraft appendages.
4.2.4. Command

[66] MARCI requires a relatively small number of uplink
commands to establish the orbit timing and operational mode
(summing and compression) to be used. During normal
mapping, the instrument operates as a background task,
always collecting data on the sunlit portion of the planet. A
few KBytes of uplink a week is sufficient to insure the
appropriate observations are being collected.

MARCI

Figure 5. Schematic of the MRO primary science phase
mapping configuration, with the spacecraft x, y, and z axes
defined and the locations of the nadir-viewing instruments,
including MARCI, indicated. See also Figure 5 of Zurek
and Smrekar [2007].
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Table 3. Summary of MARCI and CTX Standalone Camera Calibration and Testing

Test

Brief Description

CCD testing and performance validation
Absolute and relative radiometry

Flat fields
System spectral throughput

Geometric target imaging
MTF/point spread function target imaging

Scattered and stray light test
Observations of geologic samples
Polarization

Validate CCD linearity, read noise, full well, gain, bias, and dark current at system level.
Determine conversion between DN and radiance for each filter; measure system noise

equivalent spectral radiance at each wavelength.

Determine pixel-to-pixel variability in each filter from observations of a uniform input scene.
Determine relative throughput of system over each filter’s band pass; also determine

rejection band throughput.

Determine effective focal length, field of view, and geometric distortion in all filters.
Measure MTF and point spread function by observing a target with dots and horizontal, vertical,

and diagonal bars of varying thickness/frequency.

Estimate magnitude of light scattered into the FOV by bright sources outside the FOV.
Validate calibration by obtaining measurements of known and diverse reflectance sources.
Assess magnitude of MARCI/UV polarization sensitivity.

4.2.5. Resolution and Surface Coverage

[67] A MARCI pixel’s instantaneous field of view (IFOV)
is about 2.3 mrad, which translates to 0.7 km at nadir, and
about 4 km at the limb, from an altitude of 300 km.
4.2.6. Predicted Signal-to-Noise Ratios

[68] During the MARCI design phase, the characteristics
of the CCD, optics, filters, and electronics were optimized to
achieve a required instrumental signal-to-noise ratio (SNR)
in each spectral band pass. Predicted SNR was computed
assuming observations of low-albedo (0.1) surfaces, at high
solar incidence angle (75° 1700 LT), and under aphelion
solar illumination conditions (1.67 AU). For these condi-
tions, the SNR in all five VIS band passes was predicted to
exceed SNR of 100:1, the 250 nm UV filter observations
were found to require 8§ x 8 summing to achieve a SNR of
68:1, and the 330 nm filter was found to require 2 x 2
summing to achieve a SNR of 50:1. Since data rate limi-
tations sometimes require even higher summing factors,
SNR for all channels was expected to usually exceed 100:1.
MARCI was found to meet or exceed these SNR expectations
in actual in-flight performance (section 6).
4.2.7. Data Rates and Volumes

[69] The raw data rate from MARCI is nominally relatively
low: 5 bands x 16 lines x 1024 samples x 8 bits/2.6 s
readout = 252 Kbps for the visible filters, and 2 bands x
16 lines x 1024 samples x 8 bits/8? summing/2.6 s =
1.6 Kbps for the UV filters. Lossless 1.7:1 compression
yields total output rates as low as 150 Kbps. Data volumes
depend on the number of bands and choice of summing. The
flexible nature of the instrument and its software permit the
data volume to be tuned to the available allocation, however.
For example, a full resolution seven-band, global image can
be acquired and downlinked for about 6.2 Gbits/d.

5. MARCI Calibration: Methods and Results

5.1. Preflight Instrument Calibration
and Characterization

[70] MARCI calibration and testing prior to MRO launch
(12 August 2005) was divided into the following three main
activities: (1) component-level testing of individual parts
such as the CCD detector, electronics, filters, and optics;
(2) standalone camera-level testing of the assembled MARCI
camera prior to its integration with the MRO spacecraft; and
(3) system-level testing of the MARCI camera after integra-
tion with the spacecraft, during the Assembly, Test, and
Launch Operations (ATLO) phase of the MRO Project. Here
we focus primarily on standalone camera calibration and test
results. Component-level testing was primarily used to screen

for the highest-quality parts to use during camera fabrication;
results from many of those tests on the final flight camera
components are described in the MARCI Preflight Calibra-
tion Report [Malin Space Science Systems (MSSS), 2005].
ATLO testing was primarily used to verify camera function-
ality after critical spacecraft tests like vibration and thermal
vacuum testing; a brief summary of the results of those tests is
also presented separately in the MARCI Preflight Calibration
Report [MSSS, 2005].

[71] MARCI standalone camera testing involved config-
uring the camera such that it had a clear view of several
different kinds of illumination sources. These sources included
an integrating sphere, a monochromator, and various geomet-
ric and geologic targets that were illuminated by external light
sources. Table 3 provides a summary of the MARCI stand-
alone camera calibration and test regimen. These tests were
performed in a flight hardware qualified optics laboratory at
Malin Space Science Systems in San Diego, California.

5.2. CCD Testing and Performance Validation
5.2.1. Gain, Full Well, Read Noise, and Linearity

[72] Important electronics characteristics of a CCD, such
as the gain (e /DN), full well level (¢"), read noise (e ),
and range of linearity, can be derived by obtaining photon
transfer curves (also known as “light transfer curves” or
“signal versus noise plots™), using the methods outlined
by Janesick et al. [1987] and Bell et al. [2003]. The data
required to assess the linearity, gain, read noise, and full
well level of the MARCI detector were obtained by acquir-
ing pairs of images at increasing exposure times from 0
msec to an exposure time corresponding to a signal approx-
imately 20% above visible saturation for all bands. An
example data set is shown in Figure 6. The MARCI CCD
was found to have an * goodness-of-fit linearity coefficient
>0.9999 for data acquired between 10% and 90% of the full
well value. Average values for the derived MARCI CCD
gain, read noise, and full well from many such tests are
reported in Table 1. Because of schedule and budget con-
straints, most light transfer curves for the MARCI flight CCD
had to be acquired at room temperature (20°C—25°C). Thus,
our derived average preflight read noise of 68 £ 5 ¢ also
includes a thermal noise component greater than that which
MARCI exhibits in flight, when focal plane array temper-
atures are much lower (average ~ —10°C, observed range is
about 0°C to —20°C). Detailed procedures for preflight
calibration data acquisition are described by MSSS [2005].
In-flight verification and validation of MARCI CCD perfor-
mance is described in section 6.
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Figure 6. Plot of MARCI bias-removed signal versus noise, from data acquired during room
temperature preflight calibration and testing on 30 July 2004. Gain and full well were determined using
the method of Janesick et al. [1987]. The read noise level was determined from analysis of two zero
exposure images. Averages from many such tests were used to generate the MARCI CCD characteristics

presented in Table 1.

5.2.2. Bias and Dark Current

[73] CCD detectors typically operate with a bias voltage
added to the signal chain to prevent undersaturation (zero
DN values) during low-temperature operation. In addition,
thermal noise induces electron liberation in most CCDs,
producing a temperature-dependent current in the devices
even in the absence of illumination. This dark current signal
is a function of temperature and exposure time. Character-
izing both the bias and dark current levels of a CCD is an
important part of calibrating the device.

[74] The MARCI CCD’s dark current performance was
assessed by acquiring sets of images at increasing exposure
times under zero illumination conditions (calibration and
room lights off and camera shrouded). Because dark current
increases exponentially with temperature, our preflight
measurements acquired at room temperature revealed high
levels of dark current (generated by the MARCI CCD
detector). Even though these levels were much higher than
we were expecting to see in flight (on the basis of experience
with similar CCDs for the MCO/MARCI and THEMIS VIS
instruments), it was still important to acquire these measure-
ments in order to properly remove the dark current signal
from our room temperature calibration data.

[75] Interpretation of MARCI preflight dark current
measurements has to take into account the fact that dark
current in the MARCI CCD detector is accumulated both in
the pixel photosites during each integration and in the pixel
vertical register transfer sites (V registers) during readout of
the CCD. The specific configuration of either the Ground
Support Equipment (GSE) or in-flight computer and elec-
tronics used to acquire images controls the amount of V
register dark that accumulates during exposures. Specifically,

when a MARCI mage is commanded, the camera receives the
command, integrates for the commanded exposure time,
transfers the acquired charge to the V registers on the CCD,
waits for a preprogrammed interframe delay or “dwell” time,
and then starts the image readout in response to the CCD
clocking. Therefore, the time to accumulate dark current in
the CCD photosites is the commanded exposure time, and the
time to accumulate dark current in the V registers is the dwell
minus the exposure time. For MARCI and similar pushframe
cameras, the dwell time is a key parameter that can be used to
establish a specific percentage of frame-to-frame overlap for
each filter’s projected footprint on Mars.

[76] To characterize the bias and dark current levels over
a more appropriate range of expected operating temperatures
for MARCI in flight, however, bias and dark current mea-
surements were also made during a limited set of thermal
vacuum tests, over a temperature range from —35°C to
+30°C. An example data set is shown in Figure 7. These
and other similar thermal vacuum tests reveal no significant
levels of dark current in the MARCI CCD below 0°C. They
also reveal a very stable bias level for the detector at tem-
peratures below 0°C. These results are consistent with the
expectations from component-level vendor data on this
model CCD [MSSS, 2005]. As described below, these results
have also been validated by occasional in-flight bias and dark
current monitoring measurements. These test results, com-
bined with the fact that the flight operating temperature of
MARCT has been observed to be —10.5 +3.7°C over the first
~18 months of operation at Mars (Figure 8), indicate that no
special dark current subtraction or temperature-dependent
bias removal steps need to be included in the MARCI data
reduction pipeline.
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Figure 7. MARCI dark current as a function of temperature, as measured during preflight thermal
vacuum testing. Data for two different exposure times/dwell durations are shown; these settings and tests
fully bracket the range of exposure times and temperatures that have been experienced during MARCI
flight operations to date. The tests reveal no significant dark current accumulation over typical MARCI

flight operating conditions.

5.3. Absolute and Relative Radiometry

5.3.1. VIS Filters

[77] The absolute radiometric response of the MARCI
visible wavelength filters was measured by imaging the
output port of an integrating sphere (Figure 9). A NIST-
calibrated Quartz-Halogen (QTH) lamp supplied light to
the integrating sphere input port. The radiance output of the
integrating sphere and QTH lamp combination was mea-

sured by a NIST-certified external vendor using units of
W/m?/pm/sr. We also verified the integrating sphere
radiance by using a calibrated photodiode to view the
integrating sphere output. For the brightest available lamp
setting, the photodiode reading was only 0.5% below that
expected from the vendor’s sphere radiance calibration. At
lower lamp settings, the discrepancy in the photodiode
measurements increased, with the photodiode uncertainty

o
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Figure 8. MARCI in-flight focal plane array temperatures versus season (L) during the first 18 months
of MRO operations. The data follow a generally sinusoidal seasonal curve that correlates with Martian
heliocentric distance. The deviation below the expected sinusoidal curve from Ly ~ 200° to L, ~ 260° is
the result of lower atmospheric temperatures during the planet-encircling dust storm of the summer of
2007. Multiday to weeklong temperature drops are a manifestation of different spacecraft-Sun pointing
configurations employed during different periods of the mission.
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Figure 9. Laboratory setup for MARCI radiometric and
flat field measurements. The MARCI detector was approxi-
mately 15 cm from the integrating sphere exit port for these
measurements. In this orientation, the cross-track direction
is horizontal and the visible wavelength channel optics are
on the bottom.

increasing to a level of 7.4% below expectation at the lowest
useable setting (at 10 times lower radiance than the maximum
setting). However, if we assume that the vendor’s calibrated
sphere + lamp radiances are correct, then the calculated
MARCI response per unit radiance is constant to within
0.5% over the order of magnitude in radiance output. Such
aresult strongly suggests that the vendor sphere radiance data
is substantially more accurate than our photodiode-based
sphere radiance validation measurements. For this reason,
we have adopted the vendor-supplied data as the “known”
sphere radiance. Even if we assume that the maximum
photodiode validation discrepancy of ~7% represents a true
“error” in the absolute calibration of the input radiance, the
result is still well within the science team’s absolute calibra-
tion accuracy requirement of <10% (Table 2). Additional
details and calibration data for the sphere, lamps, and
photodiode are provided as part of the ancillary calibration
files described by MSSS [2005].

[78] For each MARCI VIS set of sphere radiometric
measurements, we used a set of exposure times intended
to sample the full dynamic range (and somewhat beyond
saturation) of all five VIS filters. A bias and dark current
image at the appropriate temperature and exposure time was
then subtracted from each raw sphere image. The image of
the sphere’s output port spanned approximately 400 pixels
at the center of the MARCI detector (e.g., Figure 10); the
MARCI response was calculated by averaging an approxi-
mately 10 row by 100 column clean subset of that illuminated
area for each filter. A linear fit to the average 11-bit raw data
number (DN) as a function of exposure time for each filter
and each sphere input radiance setting (discarding measure-
ments with any DN values greater than 1800 to avoid any
potential nonlinearity/saturation issues) was used to deter-
mine an overall average DN/msec for each set of test
observations.

[79] To derive a radiometric response coefficient for each
MARCT filter, the “true” radiance value for each set of sphere
measurements was assumed to be the vendor-estimated radi-
ance of the sphere weighted by each filter’s system response
function, determined as described in section 5.5.1. MARCI’s
“response,” then, is simply the overall average DN/msec
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divided by the assumed true radiance, and thus has units of
[(DN/msec)/(W/mz/,um/sr)]. The current values of these
MARCI preflight derived response coefficients are listed in
Table 4; additional details and examples of the sphere
radiance measurements and linear curve fitting are provided
by MSSS [2005].

[so] The uncertainties in the MARCI responsivity coeffi-
cients were estimated from the scatter of the response
coefficients derived from individual tests as the QTH lamp
brightness was varied. The radiance incident on MARCI
varied over an order of magnitude in the tests used to
construct the uncertainty estimates, and the highest radiance
used in these tests was similar to that of a bright (nonice)
surface region of Mars, observed at the subsolar point and at
perihelion. The 420 nm filter exhibits the most uncertainty,
with the error being dominated by the observations at the
lowest lamp settings. The uncertainty in the 420 nm radiance
coefficient would drop by almost a factor of two if we did not
include those low lamp measurements. However, to be
conservative, we have included these measurements in our
overall estimate of the calibratio